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ABSTRACT
Recombineering is employed to modify large DNA
clones such as fosmids, BACs and PACs. Subtle
and seamless modifications can be achieved using
counter-selection strategies in which a donor
cassette carrying both positive and negative
markers inserted in the target clone is replaced by
the desired sequence change. We are applying
counter-selection recombineering to modify
bacmid bMON14272, a recombinant baculoviral
genome, as we wish to engineer the virus into a
therapeutically useful gene delivery vector with
cell targeting characteristics. Initial attempts to
replace gp64 with Fusion (F) genes from other
baculoviruses resulted in many rearranged clones
in which the counter-selection cassette had been
deleted. Bacmid bMON14272 contains nine highly
homologous regions (hrs) and deletions were
mapped to recombination between hr pairs.
Recombineering modifications were attempted to
decrease intramolecular recombination and/or
increase recombineering efficiency. Of these only
the use of longer homology arms on the donor
molecule proved effective permitting seamless
modification. bMON14272, because of the
presence of the hr sequences, can be considered
equivalent to a highly repetitive BAC and, as
such, the optimized method detailed here
should prove useful to others applying counter-
selection recombineering to modify BACs or PACs
containing similar regions of significant repeating
homologies.
INTRODUCTION
Recombineering is a homologous recombination (HR)-
based genetic engineering technique mediated by transient,
regulated expression of phage-encoded recombinases
(1–3). Using tools developed from lambda Red (4) or
Rec E/T (3) recombineering is commonly employed to
modify large, low-copy number replicons, such as BACs,
PACs or fosmids, and, less frequently, intermediate and
multicopy plasmids. Sequence manipulations can range
from point mutations to modiﬁcations in the kilobasepair
range. Recombineering capacity can be supplied via a de-
fective, chromosomally integrated lambda prophage, in
Escherichia coli strains such as EL250 and EL350 (5)
and derivatives (6), or from a variety of plasmid systems
(7). An attractive feature of the procedure is that, in
contrast to RecA, phage-encoded recombinases mediate
efﬁcient HR via relatively short ( 50bp) sequences
enabling a donor molecule with appropriate terminal
homology sequences to be built easily by standard PCR.
In its simplest single-step guise recombineering involves
transient induction of phage recombinase activities in
bacteria containing the circular target followed by their
transformation with linear, donor dsDNA molecules con-
taining (i) terminal sequences shared with the target,
(ii) the desired target sequence modiﬁcation and (iii) an
appropriate selection marker. Following HR the selection
marker may be left in or, if ﬂanked by appropriate sites,
removed by site-speciﬁc recombinases, such as Cre or Flp,
leaving a post-excision scar. An alternative approach,
counter-selection recombineering, has been developed
that, although more complex to perform, has the advan-
tage of seamless modiﬁcation generating recombinants
with the desired sequence change only. Counter-selection
strategies are, however, limited to low-copy number
targets because the intrinsic inefﬁciency of the method
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recombinants. Several such methods, utilizing different
counter-selection cassettes, have been described (6,8–10).
We reported previously (8) an approach utilizing a
counter-selection cassette, the RT-cassette, containing
positive, tetA(C), and negative, rpsL
+, markers generated
by PCR from the plasmid pBAC-RT (11). The
RT-cassette is inserted into the target by an initial
recombineering step, using positive selection with tetracyc-
line (Tc), and then subsequently replaced seamlessly with
another cassette, containing the desired sequence, in a
second recombineering step applying negative selection.
When expressed in streptomycin (Sm) resistant (Sm
R)
rpsL
  host, such as EL250 or EL350, the wild-type
rpsL
+ gene expressed from the RT-cassette results in a
dominant Sm sensitive (Sm
S) phenotype thereby providing
the negative marker. Desired recombinants lacking
the RT-cassette will be Sm
R revertants and selectable
with Sm.
There are a number of methodological points to
consider when performing recombineering. One is that
the transient ‘hyper-recombination’ (hyperRec) state
produced in the bacterium by phage recombinase induc-
tion may cause resident clones, particularly large PACs or
BACs containing stretches of repeating homologous se-
quences, to undergo intramolecular rearrangements (12).
If performing simple, positive-selection recombineering on
such a potentially unstable clone then it is possible to
prevent signiﬁcant rearrangement and obtain intact,
desired recombinants by attenuating the hyperRec state
by simply decreasing the Red-induction time (12).
However, when employing counter-selection such clone
instability will be far more problematic as negative selec-
tion will actively select all deletion-bearing clones lacking
the counter-selection cassette. A second consideration
applies when combining recombineering with subsequent
Cre recombinase-mediated modiﬁcation to, for example,
remove a marker sequence. Numerous near consensus
loxP sites, so-called cryptic loxP sites, are distributed
throughout mammalian genomes many of which are
good recognition sites for Cre (13,14). The recombineering
strain EL350 (5) contains an arabinose-inducible cre gene
and is commonly used for combining recombineering with
subsequent Cre-mediated marker removal. However, it
has been demonstrated (14) that the cre gene in EL350
is leaky and, as such, if EL350 is used to propagate a
BAC or PAC containing cryptic loxP sites then the
resident clone, especially if based in a vector, such as
pBeloBac, containing a consensus loxP site, may suffer
Cre-mediated single-strand nicking leading to replication
failure, marker loss and poor bacterial growth.
We are applying recombineering to develop the baculo-
virus Autographa californica multiple nuclear polyhedrosis
virus (AcMNPV) as a gene therapy (GT) vector for liver
ﬁbrotic disease. Although AcMNPV was originally de-
veloped as a vector for heterologous protein expression
in insect cells (15) it has, more recently, received attention
as a possible GT vector as it is also capable of transducing
and delivering a functional expression cassette to a range
of mammalian cells (16,17). In contrast to single-step,
positive-selection recombineering, which has been
employed by others to either selectively delete baculoviral
genes (e.g. 18–20) or to improve its characteristics as a
protein expression vector (21,22), we have begun to seam-
lessly modify the AcMNPV bacmid bMON14272 (23) by
utilizing our counter-selection recombineering protocol
(8). In the ﬁrst instance we aim to replace the gp64 gene,
encoding the promiscuous envelope fusion protein GP64,
with a range of genes encoding the F (Fusion) proteins
from the group II Alphabaculoviruses (24,25). These F
proteins can functionally replace GP64 in insect cell
entry, budding and endosomal escape (26,27) but
F-pseudotyped AcMNPV is apparently unable to trans-
duce mammalian cells (28–30). We aim to decorate, via
recombineering, the surface of F-pseudotyped AcMNPV
with targeting peptides to provide selective liver cell trans-
duction. In the course of these experiments we determined
that bMON14272 was unstable during the hyperRec
phase resulting, after negative selection, in an unaccept-
ably high background of RT-cassette-lacking deletion
clones. Extensive restriction mapping and PCR analyses
of a subset of these clones established that the instability
was due to intramolecular recombination between pairs of
the homologous regions (hrs) present in the genome that
are thought to play roles in DNA replication and/or to act
as transcriptional enhancers (31,32). As we wished to
seamlessly modify the genome we explored whether
protocol modiﬁcations could increase signiﬁcantly the
numbers of intact, ﬁnal recombinant clones above the
deletion-bearing background. These modiﬁcations
included attempting to minimize the potential for Cre-
mediated clone damage, via cryptic loxP sites identiﬁed
in the bacmid sequence, by creating a non-Cre, non-Flp
producing recombineering strain that was still compatible
with use of the RT-cassette; co-transforming bacmid and
donor dsDNA into Red-induced bacteria; and even
inducing recombinase activity after donor DNA trans-
formation. Of all the modiﬁcations attempted only the
inclusion of longer terminal homology arms to the
donor molecule designed to replace the RT-cassette
proved effective permitting seamless modiﬁcation of the
bMON14272 bacmid following negative selection.
Incorporation of a commercial in vitro recombination-
based cloning system facilitated construction of donor
DNA molecules equipped with such longer homology
arms. Optimization of our protocol to permit seamless
modiﬁcation of the AcMNPV bacmid should not only
prove useful to workers wishing to seamlessly modify
this viral replicon but also to others planning to apply
counter-selection recombineering to modify BACs or
PACs containing similar regions of signiﬁcant repeating
homologies.
MATERIALS AND METHODS
General molecular methods
Classical restriction enzyme (RE)-based genetic engineer-
ing techniques, preparation of media, etc were undertaken
as described (33) unless otherwise stated. All PCRs were
performed in volumes of 50ml containing 15pmol of each
oligonucleotide (ODN) primer and 200mM of each dNTP
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(Phusion, NEB) using conditions designed to minimize
mis-incorporation. ODN primers for generating
recombineering cassettes were PAGE-puriﬁed and were
from IDT (Leuven, Belgium). ODNs for sequencing and
priming non-recombineering PCRs were desalted and
from VH Bio (Gateshead, UK). Induction of lambda
Red activities, preparation of electrocompetent E. coli
cells and all subsequent recombineering steps were per-
formed essentially as described (8) unless otherwise
stated. Plasmids, bacmid and virus constructs were
preﬁxed with lower-case p, b and v, respectively.
Identiﬁcation of cryptic and secondary loxP sites
Cryptic loxP sites in the bMON14272 sequence
were identiﬁed using the program loxpFinder at http://
wilkie226.dmed.ed.ac.uk:8080/loxpFinder/ as described
(14).
Generation of E. coli strain MW001
Strain MW001 was generated by PCR-ampliﬁcation of a
b-lactamase (bla) recombinering cassette (bla-cassette)
using a gel-puriﬁed 3.2kb NotI-BglII fragment of
pFastBac1 (Invitrogen) (5ng) as template and ODNs
6030-6031 (Supplementary Table S1), containing, respect-
ively, 50- and 49-nt 50 homology arms corresponding to
sequences ﬂanking the tetA(C) gene sequence in E. coli
strain DY380 (5) (Figure 1). Non- (control) or
Red-induced electrocompetent DY380 cells were
electroporated with the bla-cassette (500ng), recovered
(SOC[–Mg] medium, 32 C, 220r.p.m., 2.5h), serially
diluted (M9 salts) and aliquots (50ml) spread on either
selective (ampicillin [Amp], 50mg/ml) or non-selective
(for cell viability determination) LB-agar plates and
incubated (32 C, 48h). Five discrete Amp-resistant
colonies were re-streaked on Amp-selective LB-agar
plates and incubated further (32 C, 48h). Colonies in
which the bla-cassette had been inserted correctly into
the host chromosome were identiﬁed by colony-PCR,
using the insertion site-ﬂanking ODNs 6032–6035
(Supplementary Table S1), and by direct sequencing of
the resulting PCR products. A single colony was
designated MW001 (Figure 1).
Construction of a dual promoter GFP reporter plasmid
A 1.4-kb fragment, containing CMVPROM-eGFP, released
from pEGFP-N1 (Clontech) by sequential incubation with
NsiI, T4 DNA Pol (NEB), to generate blunt ends, and,
following enzyme inactivation, NotI, was ligated into
pFastBac1, via the BstZ171 and NotI sites, to generate
pMW002. A 127-bp region, containing the p10PROM
sequence from Spodoptera exigua multiple nuclear
polyhedrosis virus (SeMNPV), was PCR-ampliﬁed using
bacmid SeBAC10 DNA (34) (10ng) as template and
ODNs 6028–6029 (Supplementary Table S1) that con-
tained, in their respective 50 ends, NheI and BshTI recog-
nition sites. The resulting amplicon, following incubation
with NheI, BshTI and gel-puriﬁcation, was cloned into the
corresponding sites of pMW002 generating pMW005
(Supplementary Figure S1).
Sequence conﬁrmation of hrs of bMON14272
Because of potential discrepancies between the sequences
of the hrs in the published AcMNPV genome [Acc. No
L22858; (35)] and those of the bMON14272 base vector
(23) the bMON14272hrs 1, 1a, 2, 2a, 3, 4a, 4b, 4c
and 5 were PCR-ampliﬁed, using respective ODN pairs
6193–6227, 6188–6194, 6189–6195, 6196–6197,
6183–6199, 6184–6200, 6190–6201, 6202–6203 and
6191–6204 (Supplementary Table S1), and sequenced.
Mapping of intramolecular recombination sites in
deletion bacmids
Deletions in Sm
R bacmid clones that resulted following
negative-selection recombineering were mapped by a com-
bination of restriction ﬁngerprinting, with ClaI, HindIII,
NcoI and SpeI, and diagnostic PCRs designed to amplify
across the predicted deleted region. Sequences of the re-
sulting PCR products were aligned to and compared with
the sequences of the bMON14272hrs to identify precise
break points.
Titration of Red-induction time
A 200-ml liquid culture (SOB[–Mg], Kanamycin [Kan],
50mg/ml; Tc, 5mg/ml), inoculated with 10ml of an over-
night mini-culture of MW001 harbouring bacmid
bMW009 (see below), was incubated (32 C, 220r.p.m.)
and, at an OD600 of 0.8, aliquots (50ml) transferred to
each of three sterile, pre-warmed (42 C) 500ml ﬂasks.
Red activities were induced at 42 C for 5, 10, or 20min
in a gently shaking water bath (100r.p.m.) after which
times these, and the original non-induced (0min) culture,
were chilled on ice (15min). Aliquots (100ml) of
electrocompetent bacteria, prepared from each of the
four cultures (0, 5, 10, 20min induction), were mock-
electroporated, recovered (SOC[–Mg] medium, 32 C,
Δ
Δ
Figure 1. Construction of E. coli strain MW001. A b-lactamase (bla)
recombinering cassette, containing a bla gene (green directional box)
and homology arms (blue and purple boxes), corresponding to
sequences ﬂanking the tetA(C) gene (orange directional box) sequence
in E. coli strain DY380, was PCR-ampliﬁed from a pFastBac1 restric-
tion fragment template with primers 6030 and 6031 and used as donor
DNA to replace, via recombineering, the tetA(C) gene in DY380
generating strain MW001.
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(50ml) spread on either selective (Kan, 50mg/ml; Sm,
500mg/ml) NSLB-agar (11) or non-selective (Kan, 50mg/
ml) LB-agar plates, incubated (32 C, 48h), and the
number of Sm
R colonies/10
6 viable cells determined.
Co-transformation of bacmid and donor DNA
For co-transformation studies, bacmid DNA (100ng),
isolated with a commercial kit (Qiagen plasmid midi kit)
according to the manufacturer’s instructions, and appro-
priate linear donor dsDNA (500ng) were mixed and
electroporated into Red-induced electrocompetent
MW001 (100ml).
Post-transformation Red-induction
Non Red-induced electrocompetent MW001, harbouring
an appropriate bacmid, were electroporated with linear
donor dsDNA (500ng) followed by the immediate
addition of pre-warmed medium (SOC[–Mg], 2ml, 42 C)
and incubation (42 C, 10min) prior to recovery (32 C,
220r.p.m., 2.5h).
Generation of linear recombineering cassettes
Two recombineering cassettes with ‘short’, deﬁned as
 50bp, homology arms were generated by standard
PCR. An RT-cassette, designed to replace the gp64 gene
in bMON14272, was PCR-ampliﬁed as described (8) using
ODNs 6005–6006 (Supplementary Table S1). A second
cassette, containing the SeMNPV F gene, was generated
by PCR-ampliﬁcation using plasmid pSeBglII-H (36) as
template (5ng) and the primer pair 6009–6010
(Supplementary Table S1). Both amplicons contained
 50-bp terminal sequences homologous to regions imme-
diately 50 and 30 of the gp64 gene in bMON14272.
Recombineering cassettes equipped with ‘long’ (which
we deﬁne here as 200bp or longer) homology arms were
created by an initial PCR, to generate the replacement
sequence, followed by cloning of the resulting amplicon,
via a commercial in vitro recombination system, into a
construct previously ﬁtted with the left and right
homology arms and subsequent release of the homology
arm-ﬂanked cassette by RE digestion (Figure 2). To
generate this construct, sequences in bMON14272, from
A
B
Figure 2. Generation of ‘long’ homology arm negative-selection recombineering replacement cassettes via In-Fusion cloning. (A) PCR products,
generated from template bMON14272 and primer pairs 6054–6055 and 6059–6060, containing 30 and 50 gp64 ﬂanking sequences were fused in an
Overlap-PCR with primer pair 6054–6060 to produce a single PCR product with central, unique SnaBI site and terminal SmaI sites that was cloned
into pGEM-T Easy to create pMW009. (B) RT-cassette and replacement cassettes, containing coding sequences for SeMNPV F, AdhoNPV F and
AcMNPV gp64 genes, were generated by PCR, with respective primer pairs 6005a–6006a, 6009a–6010a, 6063–6064 and 6106–6107, and cloned, via
In-Fusion cloning, into pMW009 generating, respectively, pMW012, pMW013, pMW033 and pMW024.
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scanned visually to identify either complete or partial se-
quences of RE recognition sites known to be absent
from the two ﬂanking sequences, from the various
recombineering replacement cassettes and from the
cloning vector pGEMT-Easy. Such a scan identiﬁed the
SmaI half-sites GGG and CCC 630bp and 640bp from,
respectively, the 30 and 50 ends of gp64 (Figure 2A). Next,
50-bp regions immediately ﬂanking either end of the gp64
sequence were similarly scanned to identify half-sites that,
when fused would create a blunt-cutting RE recognition
site absent from the two ‘long’ homology arm sequences
and also from pGEMT-Easy. This scan identiﬁed the
SnaBI half-sites TAC and GTA 32 and 48bp from, re-
spectively, the 30 and 50 ends of gp64 (Figure 2A).
Subsequently, the sequences between and including the
partial SmaI and SnaBI recognition sites identiﬁed in the
50 and 30 ﬂanking sequences of gp64 were PCR-ampliﬁed
using bMON14272 DNA (5ng) as template and the re-
spective ODN pairs 6054–6055 and 6059–6060 (Figure 2A
and Supplementary Table S1). The resulting amplicons,
which now contained intact terminal SmaI sites created
during the PCR, were subsequently fused, via short
overlapping homologies introduced via the appropriate
primers, in an Overlap-PCR (37), using ODNs 6054–
6060, generating a single product, containing a unique
SnaBI site at the fusion site, which was then cloned, via
TA cloning, into pGEM-T Easy (Promega) to give
pMW009 (Figure 2A). The RT-, SeMNPV F gene-,
Adoxophyes honmai NPV (AdhoNPV) F gene- and gp64-
cassettes were generated by PCR-ampliﬁcation from,
respectively, pBAC-RT (1ng), pSeBglII-H (1ng),
bMON14272 (5ng) and AdhoNPV DNA (5ng) (38)
using the respective ODN pairs 6005a–6006a, 6009a–
6010a, 6063–6064 and 6106–6107 (Supplementary Table
S1). The resulting amplicons were ﬂanked with 31 and
47bp sequences, corresponding to, respectively, the 30
and 50 ﬂanking regions of gp64 as far out as the SnaBI
half-sites, plus additional 15-bp termini equivalent to se-
quences either side of the SnaBI site in pMW009 (Figure
2B). These four cassettes were then cloned directly into
SnaBI-linearized pMW009, via an in vitro recombination
system (In-Fusion, Clontech) according to the manufac-
turer’s protocol, generating plasmids pMW012 (RT),
pMW013 (SeMNPV F), pMW033 (AdhoNPV F) and
pMW024 (gp64) (Figure 2B). Following DNA sequencing,
each ‘long’ homology-arm equipped cassette was released
from its respective construct via restriction with SmaI,
gel-puriﬁed and quantiﬁed, by visualization against a
DNA mass ladder (2-log ladder, NEB), prior to use in
recombineering.
Subsequent to the production, via In-Fusion cloning, of
these ‘long’ homology-arm cassette-containing constructs
an additional series of gp64 gene cassettes with differing,
shorter homology-arm lengths were PCR-ampliﬁed from,
as template, the gel-puriﬁed cassette (1ng) previously
excised from pMW024 using ODN pairs 6003–6258,
6259–6262 and 6256–6257 (Supplementary Table S1)
generating, respectively, cassettes with homology-arms of
100, 200 and 400bp. Amplicons were puriﬁed with a com-
mercial system (Wizard DNA Puriﬁcation, Promega) and
visually quantiﬁed, as above, before being used directly in
counter-selection recombineering.
Counter-selection recombineering
Brieﬂy, non- (control) or Red-induced electrocompetent
bMON14272-containing MW001 cells were electroporated
with the ‘short’ homology arm RT-cassette (500ng), re-
covered (SOC[–Mg] medium, 32 C, 220r.p.m., 2.5h),
serially diluted (M9 salts) and aliquots (50ml) spread on
either selective (Kan, 50mg/ml; Tc, 5mg/ml) or
non-selective (Kan, 50mg/ml) LB-agar plates and
incubated (32 C, 48h). Five discrete Kan
R/Tc
R colonies
were re-streaked onKan+Tc-selective plates and incubated
further (32 C, 48h). A single bacmid in which the
RT-cassette had been inserted correctly into the gp64
locus, identiﬁed by colony-PCR using the insertion
site-ﬂanking ODNs 6085–6101 (Supplementary Table S1)
and restriction mapping, was designated bMW009 and
used in all subsequent negative selection steps.
Subsequently, negative selection recombineering was
employed in attempts to replace the RT-cassette in
bMW009 with each of the four linear replacement cas-
settes—the SeMNPV F gene-cassette, with either ‘short’
or ‘long’ homology arms, and the AdhoNPV F gene- and
gp64 rescue-cassettes with ‘long’ arms. Following recovery
and dilution as above, aliquots were spread on either se-
lective (Kan, 50mg/ml; Sm, 500mg/ml) NSLB-agar or
non-selective (Kan, 50mg/ml) LB-agar (11) plates and
incubated (32 C, 48h). For each cassette several discrete
Sm
R colonies were re-streaked to fresh Kan+Sm-selective
plates, incubated further (32 C, 48h) and subjected to
colony-PCR, using ODNs 6085–6101, to identify clones
in which the RT-cassette had either been successfully
replaced with an F gene- or the gp64-cassette or had
been removed via deletion. Bacmid DNAs in which the
RT-cassette had been replaced were isolated and subjected
to restriction mapping to conﬁrm bacmid ﬁdelity. Single
bacmid clones, containing the correctly inserted SeMNPV
F, AdhoNPV F or gp64 sequences were named, respective-
ly, bMW010, bMW025 and bMW028 all of which subse-
quently received, via Tn7-mediated transposition
(Bac-to-Bac, Invitrogen), the CMVPROMp10PROM-eGFP
reporter sequence from pMW005 generating the respective
bacmids bMW011, bMW036 and bMW033 from which
viruses vMW011, vMW036 and vMW033 were produced.
Subsequently, negative selection recombineering was
also undertaken on bMW009 with each of the additional
gp64 gene cassettes with shorter homology-arms. Colony-
PCR was employed on 10 randomly selected colonies to
determine, for each homology-arm length, the proportion
of colonies containing bacmids in which the gp64 gene
sequence had successfully replaced the RT-cassette.
Conﬁrmation of hr ﬁdelity in F-containing
recombinant bacmids
To conﬁrm the presence and ﬁdelity of the hr regions in
the bMW010, bMW025 and bMW028 bacmids the hr1,
hr1a, hr2, hr2a, hr3, hr4a, hr4b, hr4c and hr5 sequences
were PCR-ampliﬁed and the lengths of the resulting
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products ampliﬁed from bMON14272.
Virus generation
Sf9 insect cells were passaged (28 C) in shaking cultures
(30ml, 90r.p.m.) using Sf-900II serum-free medium
(Sf900II SFM, Invitrogen) supplemented with 2% fetal
bovine serum (FBS). For virus generation, Sf9 cells
(1.0 10
6) were transfected with bacmid DNA ( 1mg),
cultured (5 days) and an aliquot (500ml) of the clariﬁed
(10min, 1000g), ﬁlter-sterilized (0.45mm pore size)
medium used to infect a new batch of Sf9 cells. At 72h
post-infection (p.i.) infected cells were inspected for GFP
expression by ﬂuorescence microscopy and titrated by
end-point dilution assay. Ampliﬁed virus stocks were
made by infecting Sf9 cells (1.0 10
6 cells/ml) in a
shaking culture (30ml, 90r.p.m.) at a multiplicity of infec-
tion of 0.05 plaque-forming units (pfu)/cell. Cultures were
harvested 5 days p.i., centrifuged and supernatants
clariﬁed, ﬁlter-sterilized as above, titres dertermined and
stored (4 C).
Mammalian cell transduction
Saos-2, and both HeLa and HepG2 cells, were maintained
(37 C and 5% CO2) in, respectively, Dulbecco’s modiﬁed
Eagle’s medium (DMEM), supplemented with 10% FBS,
and in Eagle’s Minimum Essential Medium (EMEM) sup-
plemented with 1% nonessential amino acids (NEAA) and
10% FBS. Cells were seeded (1.0 10
5cells/well) in
24-well plates and, after incubation (24h), the medium
was replaced with 500ml of clariﬁed, ﬁlter-sterilized
baculovirus-containing Sf900II SFM resulting in virus:
cell ratios of 50 (vMW011, vMW033) or 100pfu/cell
(vMW036). After 1h incubation (28 C with gentle
shaking) the medium was aspirated, the cells washed and
fresh DMEM or EMEM added as appropriate. GFP ex-
pression was visualized in transduced cells by ﬂuorescence
microscopy 48h post-transduction.
RESULTS AND DISCUSSION
Generation of MW001
We searched for primary and secondary cryptic loxP se-
quences using an online search tool (14). bMON14272
lacks a consensus loxP site but was found to contain one
primary cryptic loxP site, located within the lef-11 gene,
plus a number of secondary sites which were revealed as
the consensus stringency used by the search tool was
decreased. The primary cryptic loxP sequence identiﬁed
(ATTAGCTCTTATATATTCTTTTATACGCTCAAAC)
contained 10 mismatches in the 13-bp palindromic arms,
5 in the 18 conserved Cre contact points and none in the
TATA sequences ﬂanking the spacer region. Because the
PBAD-driven cre gene exhibits leaky expression in EL350
(14) and because non-productive recombination between
cryptic loxP sites can lead to DNA damage (14,39) we
considered it prudent to undertake recombineering of
bMON14272 in a non-cre expressing strain even though
we did not establish whether the cryptic loxP sites
identiﬁed were functional. Although EL250 (5) was a
possible candidate this strain expresses Flp, another
site-speciﬁc recombinase, from the same leaky
AraC-PBAD promoter as in EL350, and thus might
present with similar clone instability issues as EL350.
Consequently, by replacing the tetA(C) gene in the non
Cre-, non Flp-expressing strain DY380 (5) with bla we
generated the RT-cassette-compatible strain MW001
(Figure 1) {F- mcrA (mrr-hsdRMS-mcrBC) 80dlacZ
M15 DlacX74 deoR recA1 endA1 araD139 (ara, leu)
7649 galU galK rspL nupG[ lcI857 (cro-bioA) <>bla]}
which we used for all recombineering procedures. MW001
is available from the non-proﬁt plasmid repository
Addgene.
Recombineering
Initially, a standard PCR-generated counter-selection
RT-cassette (8,11), with  50-bp termini identical in
sequence to regions immediately 50 and 30 of the gp64
gene in bMON14272, was used to replace gp64, via
recombineering with positive (Tc) selection, generating re-
combinants with a frequency of  3T c
R colonies/10
6
viable cells. All isolated bacmid DNAs exhibited clone
ﬁdelity as determined by restriction mapping (data not
shown) with one of these, bMW009, being used as the
base RT-cassette-containing target for all subsequent
negative selection manipulations.
Having successfully replaced the gp64 sequence with an
RT-cassette the intention was to replace this seamlessly
with a series of F gene sequences. Our assumption was
that this could be achieved via the negative-selection
recombineering procedure, used successfully to seamlessly
modify fosmid clones (8), using PCR-generated
F gene-cassettes with standard 50-bp terminal homology
arms. However, using the SeMNPV F gene-cassette with
such ‘short’ terminal homologies resulted in large numbers
of Sm
R colonies on both experimental plates and on
control plates that had received Red-induced,
mock-electroporated, i.e. no donor DNA, bacteria.
Colony-PCR applied to colonies from both sets of
plates, using ODNs that ﬂanked the RT-cassette insertion
site, failed to generate any products indicating the
RT-cassette had, in all cases, been lost in a deletion
event (data not shown). To investigate this further ﬁne
restriction mapping on bacmid DNAs isolated from 17
randomly selected colonies revealed the presence of ﬁve,
I–V, distinct classes of deletion clone (Supplementary
Figure S2 and data not shown). We reasoned that the
hyperRec state, induced following Red-induction, might
be leading to intramolecular recombination events
producing autonomous episomal replicons lacking the
RT-cassette, thereby restoring Sm
R to MW001, but, by
necessity, retaining the mini-F ori and Kan
R gene. It
also seemed plausible that such intramolecular recombin-
ation events would most likely occur between pairs of the
nine hrs present in the AcMNPV genome. These hrs, con-
sidered to be involved in DNA replication and transcrip-
tional enhancement (31,32), comprise between 1 and
9 imperfect palindromic repeats each of which contains
a centrally located EcoRI sequence (35). Reexamination
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allowed, for each deletion class, the hr pair involved in
the recombination to be provisionally assigned.
PCR-ampliﬁcation across the proposed deleted region
generated products of the approximate expected sizes con-
ﬁrming, for all deletion classes, recombination had indeed
occurred between the predicted hr pairs (Figure 3). For
classes I, II and IV these products were not always the
same size suggesting that, in these cases, recombination
may have occurred between different combinations of
the repeating palindromic sequences (Figure 3A). This
was conﬁrmed when these PCR products were subse-
quently sequenced (data not shown). The combined re-
striction mapping and PCR analyses data enabled the
location of the deletion, and hr pair involved, to be
deﬁned for each deletion class identiﬁed (Figure 3B).
Modifying negative-selection recombineering
Having established that the high number of background
Sm
R clones would preclude the ready isolation of correctly
engineered bMW009 we endeavoured to modify the
negative-selection recombineering step in order to
decrease the frequency of deletion clones produced and/
or increase the HR efﬁciency between target and donor.
Initially, as suggested by Narayanan (12), we attempted to
simply attenuate the hyperRec state by decreasing the
42 C Red-induction time. However, attempting to
replace the RT-cassette in bMW009 with the ‘short’ arm
SeMNPV F gene-cassette still resulted in an unacceptably
high Sm
R control background even when the induction
time was reduced to 5min (data not shown). Thus, it
would appear that even the briefest Red-induction
produces sufﬁcient recombinase activity to mediate signiﬁ-
cant intramolecular rearrangements in bMW009 that,
coupled with active selection of bacmids lacking the
RT-cassette, leads to high numbers of Sm
R colonies har-
bouring deletion-bearing bacmids.
Next, we considered whether limiting the time the target
bacmid DNA is exposed to the hyperRec state before a
donor DNA is available as an alternative substrate for the
phage recombinases might reduce intramolecular recom-
bination and thus improve the chance of isolating desired
recombinants under negative selection. Thus, as we
are able to perform successful counter-selection
recombineering by co-transforming fosmid ( 40kb)
target with ‘short’ homology arm-equipped linear donor
(unpublished), we ﬁrst investigated whether such
co-transformation would work with the much larger
( 142kb) bMON14272 target. We ﬁrst determined that
the transformation efﬁciency of MW001 with
bMON14272 alone was approximately an order of mag-
nitude lower ( 3 10
6 colonies/mg DNA) than we rou-
tinely achieve with the smaller fosmid clones ( 3 10
7
colonies/mg DNA). Subsequently, co-transformation of
Red-induced MW001 with bMON14272 and either the
‘short’ or ‘long’ homology arm versions of the
RT-cassette failed to generate any colonies under
positive selection with Tc and Kan suggesting that the
reduced transformation efﬁciency of the large bacmid
target DNA ( 142kb) lowers the overall recombineering
efﬁciency to something that, at least in our hands, is im-
practically low. As might be expected from this result,
large numbers of Sm
R/Kan
R colonies (data not shown)
were still generated when Red-induced MW001 were
either co-transformed with bMW009 and the ‘short’
homology arm SeMNPV F gene-cassette or simply trans-
formed with bMW009 alone indicating that the presence
of the linear donor molecule made little apparent differ-
ence to the propensity of the bacmid to undergo intramo-
lecular recombination.
Pursuing this strategy of reducing or eliminating un-
necessary exposure of target DNA to recombinase
Figure 3. Intramolecular recombination occurs between pairs of hom-
ologous regions in the baculoviral genome. (A) Electrophoretic separ-
ation of PCR products derived from ampliﬁcation across regions
predicted to be deleted in the 17 randomly selected clone DNAs,
isolated following negative-selection recombineering of the RT-
cassette-containing bMON14272-based clone bMW009 (lanes 1–17),
using primer pairs 6190–6191 (lanes 1–9, Class I), 6184–6193 (lanes
10,11, Class II), 6183–6193 (lane 12, Class III), 6189–6191 (lanes
13–16, Class IV), 6188–6191 (lane 17, Class V). (B) Schematic repre-
sentations of the deletion clone classes I–V illustrating (in the Class I
deletion clone only) locations of homologous regions (hr) (red boxes),
RT-cassette and mini-F ori (grey boxes), Kan
R gene (blue triangle).
Annealing positions of primer pairs used to amplify across deleted
regions and the remaining (grey segment) and deleted (white segment)
segments in each clone class are also given.
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inducing Red activities after electroporation with donor
DNA duplex might prove more successful.
Transformation of bMON14272-containing MW001
with either the ‘short’ or ‘long’ homology arm versions
of the RT-cassette, followed by a 10min induction at
42 C, generated, respectively, 0.03 and 0.09 Tc
R/Kan
R
colonies/10
6 viable cells. For both these versions of the
RT-cassette the recombineering efﬁciency was approxi-
mately two orders of magnitude lower compared to stand-
ard post-electroporation Red-induction. Transformation
of bMW009-containing MW001 with the ‘short’
homology arm SeMNPV F gene-cassette, followed by
Red-induction, again generated many background
colonies ( 10 Sm
R/Kan
R colonies/10
6 viable cells) on
both experimental and mock-electroporated, no donor
DNA control plates. The reduced recombineering efﬁ-
ciency observed when Red-induction was performed
after electroporation likely results from host RecBCD-
mediated degradation of the linear donor molecule, due
to the absence of the protective lambda Gam protein
before Red-induction (40) combined with compromised
cell recovery after electroporation. Whatever the reasons
the results indicated post-electroporation Red-induction
would not permit discrimination of intact, desired recom-
binants from deletion mutants under negative selection.
Increasing recombineering efﬁciency with ‘long’ homology
arm cassettes
The lack of success in decreasing clone background after
negative selection with the ‘short’ homology arm
SeMNPV F gene-cassette led us to investigate the use of
replacement cassettes with longer terminal homology arms
on the basis that general recombineering efﬁciency
between target and donor increases signiﬁcantly with
increasing lengths of homology (3,6) and that longer
arms have been used previously to modify a Helicoverpa
armigera NPV bacmid albeit, in this instance, only for less
problematic positive selection strategies (41). To simplify
the generation of these cassettes a construct, pMW009,
containing  600-bp-long 50 and 30 homology arm se-
quences fused at a central blunt-cutting SnaBI site, was
created to enable PCR-generated cassettes to be cloned via
an in vitro recombination system and subsequently excised
by simple restriction digestion (Figure 2). Although, in the
case of pMW009, the cassette was excised via SmaI sites
that were partially contained within the homology arms
any RE recognition site(s) can be used as long as it (they)
are absent from the complete ‘long’ homology arm
cassette sequence. Alternatively, excision could be via
rare-cutting RE sites, engineered into the end of each
homology arm during their PCR-ampliﬁcation, as the
few additional non-homologous bases present at the
donor DNA termini following RE digestion will have no
effect on recombineering efﬁciency or ﬁdelity of the ﬁnal
product. More importantly for efﬁcient In-Fusion cloning
is the design of the central RE site used for construct lin-
earization. The simplest strategy, as employed for
pMW009, is to locate two triplets either side of the
target modiﬁcation/insertion site that can create a
blunt-cutting RE site during PCR-mediated fusion of the
homology arms. However, in case such half-sites cannot
be found, or one or both are further than  50bp from the
modiﬁcation/insertion site, thus requiring very long ODN
primers for cassette ampliﬁcation, then a RE leaving a 50
overhang can be used as long as the overhang sequence
comes from the left side of the modiﬁcation/insertion site.
Use of a RE site that leaves a 30 overhang will, because of
the 30–50 exonuclease activity of the In-Fusion system,
result in deletion of the overhang sequence from the
ﬁnal recombineered product.
To examine the effect of ‘long’ homology arms on
positive selection recombineering, the RT-cassette
excised from pMW012 (Figure 2B) was used to replace
gp64 in bMON14272. In this case, compared to the
‘short’ homology arm-equipped RT-cassette,
recombineering efﬁciency, as expected, increased signiﬁ-
cantly generating  60 Tc
R/Kan
R colonies/10
6 viable
cells (data not shown). Next, we examined whether
addition of longer homologies could increase
recombineering efﬁciency sufﬁciently to enable desired re-
combinants to be isolated following negative selection.
Numbers of Sm
R/Kan
R colonies obtained (per 10
6 viable
cells) following transformation of bMW009-containing
MW001 with the SeMNPV F-gene-, AdhoNPV F-gene-
or gp64-cassettes excised from, respectively, pMW013,
pMW033 and pMW024 (Figure 2B) were 2- to 3-fold
higher than for control (no DNA) transformations sug-
gesting this might be the case. PCR and restriction
mapping analyses of bacmid DNAs isolated from a
number of randomly selected Sm
R/Kan
R colonies con-
ﬁrmed that, in all three cases, the cassette had replaced
the RT-cassette in approximately two out of ﬁve clones
examined and there was no evidence of clone rearrange-
ment (Supplementary Figure S3A and data not shown).
Furthermore, for all clones in which the RT-cassette had
been replaced successfully PCR analyses conﬁrmed all
nine hrs were present and of the correct length
(Supplementary Figure S3B and data not shown). Thus,
of all the methodological modiﬁcations attempted only the
addition of longer terminal homologies to the replacement
cassettes, thereby increasing the recombineering efﬁciency,
proved successful in generating seamlessly modiﬁed,
non-rearranged bMON14272 clones. It is unlikely that
the increased recombineering efﬁciency observed with
increased homology arm length correlates with any one
factor and more likely represents the cumulative effects
of several, for example, more efﬁcient and rapid
beta-mediated strand annealing, increased resistance of
the donor molecule to host exonuclease activities, etc.
Finally, we examined, using a series of additional gp64
gene cassettes equipped with 100-, 200- and 400-bp-long
terminal homologies, whether decreasing the
homology-arm length from the 600bp created via the
In-Fusion method reduced signiﬁcantly the proportion
of picked colonies containing successfully recombineered
clones. For each gp64 cassette, out of 10 randomly picked
colonies, the RT-cassette was correctly replaced in two,
three and ﬁve colonies for homology arm lengths of 100,
200 and 400bp, respectively (data not shown). These data
would indicate that, at least for the situation with
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of at least 400bp are required to enable facile identiﬁca-
tion of correctly engineered BAC clones from a screen
of 5–10 colonies following negative-selection recom-
bineering. Using terminal homologies of  600bp, as we
have done here to generate the In-Fusion-derived con-
structs, represents a practical compromise between gains
achieved in recombineering efﬁciency and the ease with
which the arms can be generated via PCR-ampliﬁcation,
fused and cloned via the In-Fusion procedure.
F-pseudotyped AcMNPV: virus generation and
mammalian cell transduction
Following successful creation of seamlessly modiﬁed
bacmids, and their ﬁtment with the dual promoter GFP
expression cassette, corresponding viruses were generated
and ampliﬁed. The ampliﬁed viral titre for vMW033
(9.5 10
8pfu/ml), in which the native gp64 gene was
simply replaced with itself, was very similar to virus
generated from unmodiﬁed bMON14272. In agreement
with previous reports (26,27), titres for the SeMNPV
F- (vMW011, 9.6 10
6pfu/ml) and AdhoNPV
F-pseudotyped (vMW036, 2.0 10
7pfu/ml) viruses were
lower. Nevertheless, both F-pseudotyped viruses were
able to initiate and support multiple rounds of Sf9 infec-
tion, revealed by GFP expression in infected cells (Figure
4A and data not shown), conﬁrming these F proteins are
able to functionally replace GP64. While such functional
homology has been demonstrated previously for
SeMNPV F (26,27) this is the ﬁrst time it has been
demonstrated for the F protein from AdhoNPV.
Furthermore, the strategy adopted here also differs from
previous reports on F functionality in that we have
replaced the gp64 coding sequence, in situ, with F gene
sequences, thereby retaining the native genomic context
Figure 4. SeMNPV F- or AdhoNPV F-pseudotyped AcMNPV supports viable insect cell infection but are not able to transduce mammalian cells.
(A) Essentially all cells of an Sf9 culture infected with CMVPROM-p10PROM::eGFP cassette-containing AcMNPV in which the native gp64 gene was
replaced either with itself (vMW033), the SeMNPV F (vMW011) or the AdhoNPV F gene (vMW036) exhibited GFP expression indicating SeMNPV
F- and AdhoNPV F-pseudotyped AcMNPV both mediate viable insect cell infection. All cultures were x3 passage. (B) In all cases <0.01% of
cultured Saos-2 (Row 1), HepG2 (Row 2) or HeLa (Row 3) cells exhibit GFP expression 48h following incubation with either vMW011 (50pfu/cell)
or vMW036 (100pfu/cell). For illustration purposes ﬁelds of view containing rare GFP-expressing cells have been chosen. In contrast, >90% of these
cells exhibit GFP expression following incubation with the control gp64 rescue virus vMW033 48h post-incubation. Images were taken with a Nikon
Eclipse TE2000-S inverted microscope with FITC ﬁlter set (100 magniﬁcation).
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rather than introducing an F gene elsewhere on a gp64
background.
The range of mammalian cells transduced by AcMNPV
may hinder its development as a GT vehicle due to
unwanted bystander effects. Interestingly, though
F-pseudotyped AcMNPV is unable to transduce mamma-
lian cells, the demonstration that F proteins mediate
membrane fusion in an in vitro assay (27) and that
naked gDNA from the group II Alphabaculovirus
Helicoverpa armigera can deliver a reporter to mammalian
cells when introduced directly into the cytoplasm (28) in-
dicates this may result from a block at viral attachment or
internalization rather than, for example, endosomal
escape. Thus, our overall aim is to, ﬁrst, replace gp64
with an F gene sequence that supports robust viral gener-
ation and propagation in insect cells but prevents indis-
criminate transduction of mammalian cells, then, second,
decorate the viral surface with peptides designed to
promote targeting and transduction of selected cells. As
a ﬁrst step towards this we investigated whether either of
our two AcMNPV F-pseudotypes would transduce, and
deliver a GFP expression cassette, to any of the three cell
lines, Saos-2, HepG2 and HeLa, all of which are readily
transduced by native AcMNPV. Following incubation
with either F-pseudotype less than 0.01% of cells of any
line exhibited GFP expression (Figure 4B). Although the
ratios of virus to cell used in these experiments were, at 50
and 100pfu/cell for, respectively, the SeMNPV F-
(vMW011) and AdhoNPV F- (vMW036) pseudotype, rela-
tively low it is unlikely that signiﬁcantly more cells would
be transduced successfully if higher virus:cell ratios were
used. In contrast, signiﬁcant (>90%) of cells exhibited
GFP expression after incubation (50pfu/cell) with the
gp64 rescue virus vMW033 (Figure 4B). These data
conﬁrm that gp64 AcMNPV, pseudotyped with either
SeMNPV or AdhoNPV F, exhibits a functional block in
mammalian cell transduction.
General applicability of extended homology arm
counter-selection recombineering
Currently, we are applying our modiﬁed counter-selection
protocol using extended homology arms to investigate
whether F proteins from other members of the group II
Alphabaculoviruses can functionally replace GP64.
Furthermore, we have applied the same approach to seam-
lessly modify other targets in the bMON14272 replicon
(Westenberg, unpublished). Because of the presence of
the nine, relatively uniformly distributed hr sequences in
AcMNPV, the bMON14272 replicon that we are endeav-
ouring to modify can be considered equivalent to a
single-copy BAC clone with extensive regions of repeating
sequences. As we have demonstrated here with
bMON14272, and others with repetitive BACs (12), such
clones may exhibit instability and undergo rearrangements
when subject to recombineering. This susceptibility to re-
arrange precludes easy isolation of intact clones contain-
ing desired sequence changes a situation that is
exacerbated when applying negative selection strategies.
BACs are commonly used as base clones for generation
of targeting vectors for genome manipulation and
recombineering is increasingly the method of choice for
their sequence modiﬁcation (42,43). If such a BAC
contains repeating homologous regions then applying
recombineering may prove problematic especially if the
targeting vector requires subtle changes to be made, for
example when creating knock-in style vectors, that can
only be created seamlessly within the BAC if counter-
selection approaches are employed. Although we acknow-
ledge that the procedure to build replacement cassettes
with longer homology arms is somewhat more involved
than the standard PCR-based approach we have at-
tempted to minimize that complexity by combining
straightforward cloning with an in vitro HR system.
That said, the signiﬁcant increase in recombineering efﬁ-
ciency furnished by these extended homology arm se-
quences ensures that large, repeat-containing clones can
now be modiﬁed seamlessly, via counter-selection
recombineering, with desired recombinants being re-
covered without unwanted rearrangements. As such, the
method described here should prove useful to others at-
tempting to seamlessly modify repetitive BAC or PAC
clones.
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